Critically ill patients are at increased risk of thromboembolic complications. Japanese patients admitted to the intensive care unit of Gunma University Hospital were divided into critically ill (high score) and moderately ill (low score) groups according to mean Acute Physiology and Chronic Health Evaluation (APACHE) II score. White blood cell count, potassium, creatinine, immunoglobulin G and blood passage time, measured using the microchannel method, were significantly higher and the platelet aggregation score and platelet count were significantly lower in the high-score group than in the low-score group, but other haemorheological parameters did not differ significantly between the two groups. White blood cell count, potassium, creatinine, APACHE II score and levels of immunoglobulins G, A and M were positively correlated with blood passage time in all patients. Critically ill patients had impaired blood rheology, which could result from increased white blood cell count, potassium, creatinine and immunoglobulins and may be associated with the pathophysiology of the thromboembolic process.
Introduction
Critically ill patients are at increased risk of various thromboembolic complications, such as deep-vein thrombosis, pulmonary embolus, embolic stroke and myocardial ischemia. 1 -3 Surgical procedures also remain one of the major risk factors for conditions of this type. 4 Similarly, many diseases requiring intensive care are associated with endothelial injury and activation of the clotting system, including disseminated intravascular coagulation, acute respiratory distress syndrome, pancreatitis, sepsis, acute renal failure and eclampsia. 5 -7 Despite new insights into the pathogenesis of thromboembolism in recent years, the pathophysiology of the thromboembolic process in critically ill patients has not been completely elucidated. Virchow 8 was the first to emphasize the role of blood rheology in the pathogenesis of venous thromboembolism, and high blood viscosity is an established risk factor for venous thromboembolism. 9, 10 Furthermore, venous thrombogenesis is associated with Y Muranaka, F Kunimoto, J Takita et al. Blood rheology in critically ill patients fibrinogen, blood and plasma viscosity, and red blood cell (RBC) aggregation in recent case-control studies of deep-vein thrombosis. 11, 12 Haemorheological parameters have been considered to relate to the formation of thrombi.
Kikuchi et al. 13 -15 have developed the microchannel method, which allows the flow of blood to be viewed, using a microscope and visual display unit, and blood rheology to be determined. Blood rheology takes account of RBC deformability, leucocyte adhesiveness, platelet aggregation, and the viscosity of whole blood and plasma. Recent studies using this method have also demonstrated that impaired blood rheology is associated with obesity, hyperlipidaemia and hypertension. 16, 17 It may be useful to study the pathophysiology of the thromboembolic process in critically ill patients.
In order to elucidate the possible effects of haemorheological abnormalities on the pathogenesis of thromboemboli in critically ill patients, blood rheology and haemorheological parameters were measured in patients in an intensive care unit.
Patients and methods

PATIENTS
Consecutive Japanese patients admitted to the intensive care unit of the Gunma University Hospital, Japan between October 2004 and February 2005 were included in this study. The patients were admitted because they required immediate mechanical ventilation or because they were judged to be in an unstable condition requiring comprehensive medical and nursing care. Informed consent was obtained from each participant and the study was approved by the Ethics Committee of the Gunma University Hospital. Blood samples were collected into three polypropylene tubes for serum and plasma analysis, and blood rheology studies. Blood samples were obtained from subjects by puncture of an antecubital vein and blood rheology was measured within 2 h.
EVALUATION OF PATIENTS
Within 24 h of admission, all patients underwent clinical and radiographic evaluations. The following variables were recorded: age, sex, origin (home or nursing home), underlying disease, chest radiographic features (unilateral or bilateral) as well as the number of lobes involved and pleural effusion, initial vital signs, including temperature, pulse, arterial blood pressure, respiratory rate, urine output, mental status, blood pressure and laboratory findings. The severities of illness scores were also calculated, using the Acute Physiology and Chronic Health Evaluation (APACHE) II score. 18 In order to determine the effect of the severity of illness on blood rheology, the subjects were divided into two groups according to the APACHE II score. Patients with an APACHE II score equal to or over 14 (high score) were assigned to the critically ill patient group, whilst those with an APACHE II score below 14 (low score) were assigned to the moderately ill patient group. The cut-off point represented the mean APACHE II score for all the patients in the study.
DETERMINATION OF BLOOD RHEOLOGY
Blood rheology was measured with a microchannel array flow analyser (MC-FAN; Hitachi Haramachi Electronics, Ibaraki, Japan). 13 -17,19 Briefly, a V-shaped groove (width, 7 µm; length, 30 µm; depth, 4.5 µm) was made on a 15 × 15 × 0.5 mm silicon single-crystal substrate of an integral circuit using the anisotropic etching technique. The Y Muranaka, F Kunimoto, J Takita et al. Blood rheology in critically ill patients groove was transformed into a hermetic microchannel by soldering it onto an optically polished glass plate. The volume of fluid, which flows through one flow path, is extremely small and 8736 flow paths of the same size were created to measure the flow rate. The silicon single-crystal substrate was then mounted onto the flow analyser. This system makes it possible to observe the flow of blood cell elements through the microchannel under a microscope connected to an image display unit. In this system, blood flow can be viewed continuously and the transit time for a given volume of blood determined automatically.
Blood samples (2 ml) were obtained from subjects by puncture of an antecubital vein using heparin solution (1000 IU/ml; 0.1 ml) for anticoagulation with 23 G needles. An aliquot (200 µl) of each blood sample was introduced into the sample cylinder connected to the inlet hole of the silicon chip holder using a 1 ml disposable syringe and a thin catheter. The blood sample was allowed to flow through the microchannel array by applying a pressure difference of 20 cm of water. The flow rate was determined by timing the moment when the meniscus of the sample crossed graduation marks (10 µl intervals from 0 to 100 µl) on the sample cylinder. Simultaneously, the flow of blood cells through individual microchannels was observed and recorded using an inverted metallographic microscope, video camera and video recorder. RBC aggregates were not observed under the microscope in most samples. The silicon chips were cleaned by ultrasonic washing in a mixture of water, ethanol and neutral detergent for reuse. The passage time of 100 µl saline was determined before each blood measurement to check the accuracy of the equipment (allowed range, 10 -14 s), and this was then used to correct the passage time of 100 µl whole blood to that expected when the saline passage time was 12 s. The corrected blood passage time (BPT) = (observed BPT × 12)/observed saline passage time. Inter-and intra-assay coefficients of variation for BPT were 8 and 5%, respectively.
DETERMINATION OF PLATELET AGGREGATION
Platelet aggregation was measured using a Whole Blood Aggregometer Analyzer (SSR Engineering Co., Ltd, Yokohama, Japan), as described by Ozeki et al. 20 Briefly, blood samples were collected in plastic tubes containing sodium citrate at a final concentration of 0.38% with 21 G needles. Four concentrations (20, 40, 80 and 160 µM) of agonist (adenosine 5-diphosphate) were prepared. Four reaction tubes containing 200 µl aliquots of whole blood and a stirring bar were placed in an incubation chamber. The samples were stirred at 1000 rpm at 37°C during the measurement procedure. The nickel screen microsieves were 3.7 mm in diameter and contained 300 openings (30 µm 2 each) in an area 1 mm in diameter. The reaction tubes were pre-incubated for 1 min at 37°C, and then 22.2 µl of each of the four concentrations of agonist was added. The final concentrations of adenosine 5-diphosphate were 2, 4, 8 and 16 µM. Five minutes later, a filter-unit syringe with a screen microsieve was used to withdraw blood samples sequentially at the rate of 200 µl/6.4 s. A pressure sensor was connected to the syringe. A pressure of -130 mmHg was set as 100% and -6 mmHg, rather than 0 mmHg, was set as 0% pressure, because of the viscosity of whole blood. The platelet aggregation pressure of each reaction tube was determined as the relative pressure (%).
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with four concentrations of agonist on the horizontal axis and plotting the pressure rates (%) on the vertical axis. 20 The concentration was calculated and applied as the platelet aggregation threshold index. The grade (G)-type score for platelet aggregation was classified into six grades from increased aggregation to inhibited aggregation: types +3, +2, +1, 0, -1 and -2.
LABORATORY ASSAY
Red blood cell count, haematocrit, haemoglobin, white blood cell (WBC) count and platelet count were measured using an Advia ® 120 Hematology System (Bayer Corporation, Tarrytown, New York, USA). Serum total protein, albumin, total cholesterol, triglyceride, creatinine, sodium and potassium concentrations were measured with a Hitachi 7450 Analyzer (Hitachi, Tokyo, Japan). Immunoglobulin (Ig) concentration was assayed with a Behring Nephelometry Analyzer II (Dade Behring, Marburg, Germany).
STATISTICAL ANALYSIS
Data are expressed as mean ± SD. Student's t-test was used to analyse differences between the two groups. The χ 2 test and Fisher's exact test were used to compare ratios of males to females. Simple regression analysis was used to assess the relationship between BPT and the various haemorheological factors. All probability values are two-tailed. P-values < 0.05 were considered statistically significant.
Results
CLINICAL CHARACTERISTICS AND HAEMORHEOLOGICAL PARAMETERS
Twenty-two men and nine women (mean age 63.6 ± 15.7 years, range 14 -80 years; mean body mass index (BMI) 22.5 ± 5.3 kg/m 2 , range 13.3 -43.2 kg/m 2 ) were investigated. The 31 patients had the following conditions: acute myocardial infarction of the post-percutaneous transluminar coronary artery (three), severe congestive heart failure (four), postaneurysmal clipping operation of subarachnoid haemorrhage (one), thromboangiitis obliterans (Buerger disease) (one), renal failure (one), interstitial pneumonia (one), post-oesophageal resection of oesophageal cancer (eight), oesophageal varices rupture (one), post-gastric resection of gastric cancer (one), duodenal rupture (one), liver cirrhosis (two), fulminant hepatitis (one), post-common biliary duct resection of common biliary duct cancer (one), partial liver post-transplantation of congenital biliary atresia (one), postpancreas resection of pancreatic cancer (one), post-renal resection of renal cancer (one), burn (one), and thrombotic thrombocytopenic purpura (one). Twelve patients were assigned to the high-score group and 19 to the low-score group. Table 1 shows the clinical characteristics and haemorheological parameters of the critically ill (high score) group and the moderately ill (low score) group. WBC count (P = 0.019), potassium (P = 0.023), creatinine (P = 0.004), IgG (P =0.046), APACHE II (P = 0.001) and BPT (P = 0.046) were significantly higher in the high-score group than in the low-score group, whereas G-type score (P = 0.013) and platelet count (P = 0.031) were significantly lower in the high-score group than in the low-score group. However, age, male to female ratio, BMI, RBC count, haemoglobin, haematocrit, total protein, albumin, total cholesterol, triglyceride, glucose, sodium, IgA and IgM did not differ significantly between the two groups. 
RELATIONSHIP BETWEEN BLOOD PASSAGE TIME AND HAEMORHEOLOGICAL PARAMETERS
White blood cell count (P < 0.05), potassium (P < 0.05), creatinine (P < 0.05), IgG (P < 0.05), IgA (P < 0.05), IgM (P < 0.05) and APACHE II (P < 0.01) score were positively correlated with BPT in all patients (Fig. 1 ), but age, BMI, RBC count, haemoglobin, haematocrit, platelet count, total protein, albumin, total cholesterol, triglyceride, glucose, sodium and G-type score were not correlated with BPT. 
Discussion
Some studies have examined haemorheological changes in critically ill patients. 21, 22 Kirschenbaum et al. 21 demonstrated decreases in RBC and neutrophil deformability and increases in RBC aggregation and platelet activity in critically ill patients with sepsis.
McHedlishvili et al. 22 reported that criticalcare patients with brain tissue damage related to stroke (cerebral ischaemic infarctions as well as parenchymatous and subarachnoid haemorrhages) have elevated RBC aggregation, haematocrit and blood plasma viscosity in the cerebral and systemic circulation. The BPT (microvascular blood flow), as measured with the microchannel method, might be related to plasma composition and blood cell counts, and their intrinsic properties, such as red cell deformability and aggregation, leucocyte adhesiveness and platelet aggregation. Since decreased blood flow can lead to platelet and There might be several mechanisms by which critically ill patients have impaired blood rheology. The degree of congestive heart failure, renal failure and infection in critically ill patients might be more severe than in moderately ill patients. Furthermore, lower platelet count and aggregation may reflect consumption of platelets by ongoing thrombotic processes such as disseminated intravascular coagulation.
White blood cells make a contribution to the rheological properties of blood, alter adhesive properties under the stress of ischaemia, and participate in endothelial injury. 24 A recent study demonstrated that WBC count was positively correlated with BPT in healthy subjects. 17 Shand 25 found that patients with polycystic kidney disease had increased plasma viscosity, and intrinsic RBC rheology (assessed by standardized viscosity measurements) was impaired in patients with polycystic kidney disease compared with healthy subjects. There was also a statistically significant relationship between the increased plasma creatinine concentration and the decreased whole blood viscosity and RBC deformability. In addition, the effect of individual plasma proteins on plasma viscosity increases with their concentration, molecular size and asymmetry. Fibrinogen has a stronger effect than serum globulins (lipoproteins, immunoglobulins), which, in turn, have stronger effects than albumin. 26 Increased immunoglobulins could cause impaired blood rheology. Thus, impaired blood rheology may be associated with leucocytosis, renal failure and hyperimmunoglobulinaemia.
The present study suggests that critically ill patients have impaired blood rheology, as a result of high WBC count, creatinine, potassium and IgG, and low G-type score (low platelet aggregation) and platelet count. Impaired blood rheology in critically ill patients was found to be linked with high levels of WBC, potassium, creatinine, IgG, IgA and IgM, but not with other haemorheological factors. Impaired blood rheology, as measured by the microchannel method, may be associated with the pathophysiology of the thromboembolic process in critically ill patients and may be responsible for the risk of thromboembolic complications.
